1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATTG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Curr Opin Struct Biol. 2014 February ; 0: 156-164. doi:10.1016/j.sbi.2014.02.002.

Paradigms of protein degradation by the proteasome

Tomonao Inobel and Andreas Matouschek?
IFrontier Research Core for Life Sciences, University of Toyama, Toyama 930-8555, JAPAN

2Department of Molecular Biosciences, The University of Texas at Austin, Austin, TX 78712, USA

Abstract

The proteasome is the main proteolytic machine in the cytosol and nucleus of eukaryotic cells
where it degrades hundreds of regulatory proteins, removes damaged proteins, and produces
peptides that are presented by MHC complexes. New structures of the proteasome particle show
how its subunits are arranged and provide insights into how the proteasome is regulated. Proteins
are targeted to the proteasome by tags composed of several ubiquitin moieties. The structure of the
tags tunes the order in which proteins are degraded. The proteasome itself edits the ubiquitin tags
and drugs that interfere in this process can enhance the clearance of toxic proteins from cells.
Finally, the proteasome initiates degradation at unstructured regions within its substrates and this
step contributes to substrate selection.

Cellular protein concentrations are controlled through their rates of synthesis and
degradation. In the cytosol and nucleus of eukaryotic cells, most of this degradation is by the
ubiquitin proteasome system (UPS). At the center of the UPS is a single proteolytic
machine, the proteasome, which controls the concentrations of hundreds of regulatory
proteins and clears misfolded and damaged proteins from the cell. Thus, the proteasome has
to be able to degrade any protein but do so while avoiding the accidental destruction of the
rest of the cellular proteome. Here we review recent advances in our understanding of how
the proteasome selects its substrates. Just as protein synthesis is regulated at many different
levels, it is becoming increasingly clear how protein degradation is also.

The basic principle of proteasome substrate selection is well understood [1,2]. The
proteasome is a large particle of ~33 different subunits that add up to a molecular weight of
approximately 2.5 MDa. It combines three different proteolytic sites with broad and
complementary sequence preferences to allow it to degrade many different amino acid
sequences. The proteasome particle controls the activity of these sites by encapsulating them
inside its structure and controlling access to them. Most proteins are targeted to the
proteasome by the covalent attachment of ubiquitin molecules. The proteasome recognizes
the ubiquitin signal and initiates degradation at an unstructured region in the protein. The
substrate is then unfolded and translocated to the proteolytic sites in an ATP-dependent
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reaction. However, many questions remain. For example, the proteasome is able to extract
individual subunits from complexes without degrading their binding partners, the
proteasome degrades ubiquitinated proteins in a specific order and ubiquitin signals target
proteins to processes that do not involve degradation. We do not know how the proteasome
makes these distinctions. At the same time, some proteins that lack ubiquitin signals are
degraded by the proteasome. Over the last few years, new proteasome structures and
biochemical investigations have brought new insights into these questions.

1. Proteasome

The proteasome particle is functionally and structurally divided into two parts. Its core is
formed by a cylindrical 20S particle composed of four heptameric rings that are stacked onto
top of each other. The inner two rings each consist of seven related B-subunits that are
arranged to form a large internal cavity and three of the subunits in each ring contain a
proteolytic site that faces the internal cavity. A ring of seven related a.-subunits on each side
flanks the B-rings and substrates have to enter the proteolytic cavity formed by the p-rings
through a pore at the top of the a-ring. The pore is too narrow to allow folded proteins to
pass through it. In free core particle, access to the pores is further hindered by the N-termini
of the a.-subunits so that even unfolded peptides are degraded only poorly.

The core particle is activated by regulatory particles or caps that bind to the ends of the core
particle and induce conformational changes that open the pores. Four different caps are
known and the best understood of them is the19S regulatory particle. It consists of 19
subunits that add up to a molecular weight of ~900kD. The complex of one or two of these
caps with the 20S core particle is called the 26S proteasome and this seems to be the most
common form of the proteasome in cells. The subunits of the 19S cap recognize substrates,
unfold and translocate them into the core particle for degradation into short peptides.

1.1 Structure of the 26S proteasome

The structure of the 26S proteasome proved difficult to determine, perhaps because a
number of accessory factor associate with the particle non-stoichiometrically or because of
the structure undergoes conformational changes. In a major breakthrough, a series of studies
published over the last two years describe the structure of the 19S cap bound to the core
particle at high resolution by combining cryo-electronmicroscopy, crystallography,
biochemical data and computer modeling [3**-10**] (Figure 1).

The heart of the 19S cap is a ring of six ATPase subunits (Rpt1-Rpt6), which make up the
motor that feeds substrates to the proteolytic sites. The subunits form a long channel at their
center that runs through approximately two thirds of the 19S particle and ends in a ring of
the AAA+ domains at the C-terminal end of the ATPase subunits. The very C-termini of the
AAA+ domains dock into the 20S core particle and trigger pore opening. Two large subunits
that serve as interaction platforms bind to the ATPase ring, Rpn1 to the outside of the ring,
and Rpn2 to the top of the ring. Rpn1 provides the binding sites for a series of non-
stoichiometric proteasome subunits called UbL-UBA proteins, which serve as additional
ubiquitin receptors and we will discuss these briefly later, and Rpn2 organizes the two
ubiquitin receptors Rpn10 and Rpn13 subunit near the outer end of the 19S cap. No single
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one of these receptors is essential in yeast [11**] so that it seems that the different receptors
work together to form a versatile binding platform to capture proteasome substrates (Figure
3). The cap also contains a pair of JAMM or MPN domain metallo-protease subunits called
Rpn1l and Rpn8. Only Rpn11 is enzymatically active and it cleaves entire ubiquitin chains
of the substrates as these are degraded. Rpn11 is located near the entrance of the substrate
channel formed by the ATPase subunits so that it is well place to interact with substrate
protein feeding into the proteasome. Thus, the activities required for protein degradation are
ordered sequentially along the long axis of the proteasome particle [2] (Figure 1).

The remainder of the cap is formed by seven scaffolding subunits that form a clamp that
binds to the side of the cap reaching all the way from the end of the proteasome particle,
where it interacts with Rpn2 and the ubiquitin receptor Rpn10, via the ATPase subunits,
down to the a-ring of the core particle. The clamp subunits complete a network of
interactions that seems to stabilize the proteasome particle and may allow allosteric
regulation and coordination between the activities on the proteasome particle. Biochemical
experiments have shown substrate and ATP binding can affect gating of the substrate
channel and proteolytic activity and binding of polyubiquitinated substrate stimulates
proteolysis [12-14]. Comparison of the proteasome structures in the presence of ATP but
without substrate, in the presence of ATP and with substrate bound, and in the presence of a
slowly hydrolysable ATP analogue reveal substantial conformational changes in the
structure [9**,10**]. For example, substrate or ATP analog binding switches the cap from a
presumably inactive conformation in the substrate channel is discontinuous to a
conformation in which the channel is properly aligned through the entire proteasome particle
and the active site of Rpn11 swings in and out of alignment with the channel entrance. The
ATPase subunits switch between arrangements in which they form spiral or a planar ring but
it is not clear to what extend these changes reflect motor action that drives substrate into the
proteasome or switches between resting and active states.

1-2. Alternative proteasome activators

Recently, Barthelme and Sauer found that the chaperone Cdc48 can also form a complex
with the 20S core particle and support the degradation of substrate proteins [15**,16**].
Cdc48, called p97 or VCP in animals, is a cytosolic chaperone distantly related to ATPase
subunits in the 19S regulatory particle and involved in the degradation of a subset of
proteasome substrates by a poorly defined mechanism. For example, it is part of the quality
control process for endoplasmic reticulum proteins (ERAD) where it is required for the
translocation of misfolded proteins from the ER to cytosolic proteasomes [17]. It now
appears that Cdc48/p97/VCP may be directly involved in degradation by serving as an
alternative proteasome cap, perhaps to unfold a different subsets of proteins than the 19S
cap. Proteasome with Cdc48 caps would resemble the archaeal proteasome and the
analogous bacterial AAA+ proteases. These proteases fulfill similar functions as the
eukaryotic proteasome and share the same overall architecture [18].

Two other further types of proteasome caps are known, called the 11S particle and the
PA200 activator. These caps neither recognize ubiquitin nor hydrolyze ATP and their role
seems to be to degrade a specific subset of substrate and some unstructured proteins [1] [19].
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2. Ubiquitination

2-1. Ubiquitination system

Most proteins are targeted to the proteasome by ubiquitin tags or degrons. Ubiquitin is
attached to the target proteins through the sequential action of a ubiquitin activating enzyme
(E1), a ubiquitin conjugating enzyme (E2), and a ubiquitin ligase (E3). In most cases,
ubiquitin forms an isopeptide bond through its C-terminal carboxy group (Gly76 of
ubiquitin) with the e-amino group of lysine residues in the substrate, and more rarely with
the N-terminus of the polypeptide chain or the side chain of a cysteine residue in the
substrate protein [20-22]. Typically ubiquitin is attached to more than one residue in the
target proteins and in many cases, a second ubiquitin is then attached to a lysine residue in
the first ubiquitin and so on to create polyubiquitin chains. In addition, cells contains are
large number of deubiquitinating enzymes (DUBS) that remove ubiquitin chains again [23].

2-2. Ubiquitin signals
Thousands of proteins are ubiquitinated in yeasts cell, but almost half of ubiquitinated
proteins are not targeted to the proteasomal degradation [24] and it is not clear how the cell
differentiates between the different ubiquitin signals. The canonical view is that ubiquitin
chain linked through Lys48 of ubiquitin target to the proteasome and biochemical
experiments show that chains of at least four ubiquitin moieties are required for proper
recognition [20,25]. Modification with a single ubiquitin molecule or through polyubiquitin
chains linked through other Lys residues such as Lys63 and even linear ubiquitin chains play
roles in cellular processes that do not involve the proteasome such as the regulation of
chromatin structure, membrane trafficking and a signal transduction. However, the
distinctions are not strict and Lys63-linked polyubiquitin chains [26,27] and even
monoubiquitin tags [28-30] can target some substrates to the proteasome for degradation.
Purified proteasome binds the Lys63-linked polyubiquitin chain with almost the same
affinity as the Lys48-linked polyubiquitin chain [31*] and so specificity may come from
accessory proteins. For example the ESCRTO protein involved in membrane trafficking
binds Lys63-linked polyubiquitin chains better than Lys48-linked chains whereas the UbL-
UBA proteins that can serve as non-stoichiometric ubiquitin receptors for the proteasome
have the opposite preference [31*]. Therefore, a Lys48-linked polyubiquitin chain has a
greater chance to be delivered to the proteasome than the Lys63-linked polyubiquitin chain.
A different possibility is that physical properties of the substrate proteins themselves, such
as their stability against unfolding [32] and the presence of initiation sites for the proteasome
[33**, 34] contribute to specificity as processes such as membrane trafficking or the
formation of signaling complexes do not require protein unfolding and do not involve
initiation.

2-3 Dynamic regulation of ubiquitination

Ubiquitination is not a simple switch that turns degradation on and off, but rather an
adjustable signal that fine-tunes degradation and can determine the order in which proteins
in a regulatory pathway are degraded. For example, the progression of cells through the cell
division cycle requires the degradation of regulatory proteins in the correct sequence.
Degradation can be ordered by timing the ubiquitination event and many E3s recognize their
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substrates only when their interaction site is first phosphorylated by a kinase [22].
Degradation order is also controlled by the nature of the ubiquitin modification and during
the cell cycle, regulators that acquire long ubiquitination chains are degraded before the
regulators that are ubiquitinated with multiple shorter chains [35*,36*]. The regulators are
ubiquitinated by the same E3 but for the early substrates ubiquitination is more processive
than for the late substrates probably because the substrates have different dissociation rates
from the E3 [35*,36™].

Ubiquitin tags on proteins can grow and shrink even while bound to the proteasome through
the action of E3 and DUB enzymes associated with the proteasome. In yeast, the DUB Ubp6
and in mammalian cells the Ubp6 homologue Usp14 and the DUB Uch37 bind to the 19S
proteasome cap [1]. These DUBs trim ubiquitin chains from the distal end of the chain in
steps of one or a few ubiquitin moieties at a time and thus limit the time that a substrate
remains associated with the proteasome [37,38**]. Hence, proteins that are difficult to
degrade because they cannot be unfolded or because they lack good initiations sites would
dissociate from the proteasome after it tried to degrade them for a limited time, freeing up
the proteasome for a different substrate and preventing it from clogging up. On the flipside,
inhibitors of proteasome DUB Usp14 show promise as drug for the treatment of
neurodegenerative diseases by increasing the proteasome’s ability to degrade resistant
substrates, presumably by increasing their interaction with the proteasome [38**]. Small
molecular inhibitors of proteasomal DUBs are also tested in cancer therapy but here the
drugs affect degradation differently and lead to the accumulation of ubiquitinated proteins
[39] so that the biological effect may be similar to that of the proteasome inhibitors already
used to treat multiple myeloma [40].

E3s also bind the proteasome [41]. In particular, the E3 Hul5 is associated with Ubp6 on the
19S activator of the proteasome where it counteracts the activity of Ubp6 by increasing the
length of polyubiquitin chains [42**]. Ubiquitin chain editing may serve to fine-tune
degradation rates or to make protein targeting more robust by buffering fluctuations in
ubiquitin chains and substrate stability. Another possibility is that ubiquitin ligation on the
proteasome makes degradation more processive to avoid the formation of partially degraded
protein fragments [43] by re-ubiquitinating long proteins as the proteasome runs along their
polypeptide chain [44].

3. A second component to the proteasome targeting code?

3-1. Initiation of degradation

The proteasome recognizes and binds its substrates through their polyubiquitin tag but
initiates degradation at a disordered region in the substrate [33**,45] (Figure 2). Once the
substrate is engaged at the initiation site, the proteasome proceeds along the polypeptide
chain from there to unfold and degrade the entire protein sequentially [32]. The initiation
region is reminiscent of the linear targeting signals found in substrates of the archaeal and
bacterial analogues of the proteasome [18]. Bacterial AAA+ proteases recognize their linear
degrons through loops that line the pore at the center of the ring of ATPase subunits and it
seems likely that the proteasome recognizes its initiation sites similarly [46]. In the
proteasome, the equivalent loops line the degradation channel at a position some 30 - 60 A
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in from the entry pore. The diameter of the pore is too narrow to allow folded proteins to
pass through it so that a disordered polypeptide tail would have to be at least 20-30 amino
acids long to be able to reach the ATPase loops. This length requirement agrees roughly
with the results of in vitro degradation experiments with model proteasome substrates,
where proteins become degraded rapidly by purified yeast proteasome once they contain an
unstructured tail of approximately 30 amino acids in length [33**,45,47].

The requirement of unstructured initiation regions may also be reflected in the global
stability profiles of proteins. At least 30% of eukaryotic proteins contain intrinsically
disordered regions (IDRs) and these are involved in various cellular activities [48,49]. There
is some evidence from bioinformatics studies that proteins that contain intrinsically
disordered regions have on average shorter half-lives than proteins lacking these regions
[50,51] but so far the evidence for this relationship is not consistent. Other studies do not
find these correlations [52-54] and there is some evidence that ubiquitination sites of
proteasome substrates are preferentially located in unstructured regions [55,56]. Even when
the unstructured region is not found in a substrate protein, ubiquitination itself may induce
the local unfolding near the ubiquitinated residue, which, in turn, could create an initiation
site for the proteasome [57].

3-2. Degradation of protein complexes

Ubiquitin tag and initiation site do not have to be located on the same polypeptide chain but
can work together in trans so that a ubiquitinated subunit in a complex can target a binding
partner for degradation [34]. The ubiquitinated subunit serves as an adaptor that binds to the
proteasome and presents the bound protein for proteolysis. Presumably, UbL-UBA proteins
function in this manner to serve non-stoichiometric ubiquitin receptors for the proteasome
[1,58]. These proteins bind to the proteasome through their UbL (ubiquitin-like) domains
and to ubiquitinated proteins through their UBA (ubiquitin associated) domains and
stimulate degradation of the ubiquitinated protein while the UbL-UBA proteins themselves
escape degradation. The mechanism behind this unexpected stability of UbL proteins has
been investigated for yeast Rad23 [59-61]. These experiments showed that Rad23 escapes
degradation because it lacks an effective proteasome initiation site [60,61].

The flipside of this mechanism is also observed and the proteasome is able to remodel
protein complexes by degrading only the ubiquitinated subunit and leaving other proteins in
the complex intact [62,63]. This remodeling activity is important in many regulatory
processes in the cell. For example, during cell cycle regulation in yeast, the proteasome
extracts the cyclin-dependent kinase inhibitor Sicl from its complex with cyclin and cyclin-
dependent kinase to degrade solely Sicl [64]. Shortly afterwards, the cyclin is ubiquitinated
and then degraded to release intact but inactive kinase [65]. Since the proteasome is able to
degrade proteins that are bound to the proteasome indirectly it is unlikely that ubiquitination
by itself specifies target selection. Presumably, the proteasome instead determines which
subunit is degraded by where it initiates degradation. Once the polypeptide chain of a
subunit is fed into the degradation channel, the proteasome will proceed along that chain and
hydrolyze the protein sequentially [32]. The most likely initiation site for the proteasome is
probably the unstructured region closest to the entrance to the degradation channel. Indeed,
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biochemical experiments show that initiation regions must be placed at the appropriate
distance from the ubiquitin tag for a protein to be degraded, presumably so that the
proteasome can bind the ubiquitin tag and engage the initiation region simultaneously [47].
Thus, under some circumstances, the proteasome may select substrates at the initiation step.

3-4. Ubiquitin-independent substrates

A range of proteins is degraded by the proteasome without being ubiquitinated [66] and the
best understood example is ornithine decarboxylase (ODC) [67,68]. Degradation of ODC
requires ATP and an accessory protein called antizyme and begins a 37 amino acid long
unstructured region at the C terminus of ODC [68]. To some extent, this ODC tail can
function as a transferable degradation signal and attaching it to certain other proteins causes
their degradation. One plausible explanation for the ubiquitin-independent degradation is
that the unstructured regions themselves have bind sufficiently tightly to the to the ATPase
ring loops so that ubiquitin is not required for proteasome association (Figure 3). Thus, this
targeting mechanism can be taken as a variation of the conventional proteasome degron in
which the ubiquitin tag component is missing and which resembles the degrons observed in
the archaea and bacteria [18].

Several other proteasome substrates including p21/Cip1, c-Jun, c-Fos, p53, p73 IxBa, T-cell
antigen receptor chain a, Fra-1, and Hif-1a, can also be degraded in an ubiquitin-
independent manner [69-71]. The mechanisms of these processes are not well understood
and it is possible that these proteins are degraded by isolated 20S core particle in the absence
of ATP [69], and in vivo perhaps more likely by 20S core particle activated by alternative
caps [70] or even by 26S proteasome [71]. The proteins in this group of ubiquitin-
independent proteasome substrates are largely unstructured, but their degradation can still be
regulated. The best understood example of this regulation is given by NQO1 [72,73*] NQO1
is largely unstructured and can be degraded by 20S proteasome in vitro. Binding of NQO1’s
cofactor FAD stabilizes the protein’s structure and inhibits its proteasomal degradation.
Quite interestingly, FAD binding to NQO1 also stabilizes other ubiquitin-independent
proteasome substrates, setting up a regulatory circuit controlled by the availability of FAD
and thus the metabolic state of the cell.

4. System-wide studies of the UPS

The mechanisms described above are largely derived from investigations of the behavior
specific proteins in vitro or in the cell. Over the last five years, high-through studies have
begun to provide a system-level picture of how the UPS regulates protein concentrations.
Improvements in mass spectroscopy technology and in the strategies for sample preparation
are making it possible to define the set of proteins that are ubiquitinated in the cells and the
nature of their ubiquitin modifications [74-76]. So far, the sets of ubiquitinated proteins
identified overlap only partially suggesting that current the experiments do not yet capture
all ubiquitinated proteins [74]. The studies still provide valuable insights, for example by
describing the wide range of polyubiquitin chains made in cells [27] and the fraction of
nascent proteins that are ubiquitinated as part of protein quality control surveillance [77,78].
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Summary

Other approaches measure the stability and turnover rates of a large fraction of the proteins
in cells. The first experiments used the tagged protein collection in yeast and followed their
degradation by cycloheximide shut-off and Western blotting [79] and later measurements in
mammalian cells use SILAC [80] or fluorescent protein fusions [52,81]. These studies show
that protein halftimes in eukaryotic cells range over at least two orders of magnitudes and
thus that proteins concentrations are indeed adjusted by the balance of synthesis and
degradation. Combining protein stability measurements with the ubiquitination databases, or
with chemical inhibition of protein ubiquitin ligases provides increasing depth to our
understanding of the regulation of cellular protein stability [50-53,82].

As we begin to understand the mechanism of the UPS in increasing biochemical detail it is
becoming increasing clear that the regulation of degradation is far richer than the binary
decision of degradation or no degradation. Just like protein synthesis is tuned by a myriad of
processes, we are discovering new ways in which their degradation is tuned. Recent
structural and biochemical discoveries have provided a range of novel paradigms that
govern proteasome action and new experimental strategies make it possible to observe
protein ubiquitination and degradation system-wide. It will be interesting to see whether and
how they are used in the cell.
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Figure 1.

Structure of the 26S proteasome. Molecular surface of the 19S activator particle bound to the 20S core particle (PDB 4C0V)
(left). The 20S core particle is composed of central two B rings (dark red) and outer two a rings (light red) at either end. The
19S regulatory particle, which contains AAA ATPase subunits (blue) and non-ATPase subunits (yellow), caps either end of the
20S. Cross section reveals the degradation channel that connects the proteolytic chamber in the 20S core particle to the entrance
of 19S activator (middle). Structures are produced by PyMOL. Schematic drawing of the 26S proteasome indicates the
approximate locations of the enzymatic activities and binding platforms on the 19S activator cap (right). a (light red) and p
(dark red) subunits of the 20S particle, ATPase domain (dark blue) and OB domain (light blue) of ATPase subunits, backbone of
lid sub particle (yellow), docking subunits Rpn1l (light purple) and Rpn2 (dark purple), ubiquitin receptors Rpn10 (light green)
and Rpn13 (dark green), and DUB metallo-protease subunit Rpn11l (sky blue).
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Figure 2.
Schematic representation of the degradation cycle of the ubiquitin proteasome system. Proteins are targeted to the proteasome

by a two-part degradation signal or degron. It consists of an intrinsically disordered region within the substrate and a reversibly
attached polyubiquitin tag (Uby,). Polyubiquitin tag is attached by E1-E2-E3 ubiquitination cascade and this process can be
reversed by DUBSs (top left). The proteasome recognizes its substrates at the ubiquitin tag through ubiquitin receptors (Rpn10
and Rpn13; green) (top) and initiates degradation at the unstructured region (right). Once the proteasome has engaged its
substrate, it unravels the protein by translocating it into a central cavity in the core particle, where the protein is proteolysed
sequentially (bottom). Polyubiquitin tag is cleaved off by the intrinsic DUB Rpn11 (skyblue) immediately before the
degradation.
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Figure 3.
The proteasome recognizes substrates in three different modes; ubiquitin-dependent (left), adapter-mediated (middle), and

ubiquitin-independent (right) modes. In all three, an intrinsically disordered region in the substrate is recognized by the ATPase
motor to allow the proteasome to initiate degradation. This aspect of proteasomal degradation resembles the targeting
mechanisms predominant with the bacterial and archaeal analogues of the proteasome. Ubiquitin tags can be either recognized
by the two intrinsic proteasome receptors Rpn10 and Rpnl13 (left), or by non-stoichiometric proteasome subunits that serve as
substrate adaptors such as UbL-UBA proteins (middle). The UbL-UBA proteins might bind substrates by themselves (second
right) or together with the intrinsic substrate receptors (second left), which facilitate degradation of various substrates by
positioning the disordered region properly. Finally, some substrates may be recognized only by their initiation sites.
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